More people die from melanoma after a stage I diagnosis than after a stage IV diagnosis, because the tools available to clinicians do not readily identify which early-stage cancers will be aggressive. Near-infrared pump-probe microscopy detects fundamental differences in melanin structure between benign human moles and melanoma and also correlates with metastatic potential. However, the biological mechanisms of these changes have been difficult to quantify, as many different mechanisms can contribute to the pump-probe signal. We use model systems (sepia, squid, and synthetic eumelanin), cellular uptake studies, and a range of pump and probe wavelengths to demonstrate that the clinically observed effects come from alterations of the aggregated mode from "thick oligomer stacks" to "thin oligomer stacks" (due to changes in monomer composition) and (predominantly) deaggregation of the assembled melanin structure. This provides the opportunity to use pumpprobe microscopy for the detection and study of melanin-associated diseases.
Introduction
In the past several years, advances in nonlinear laser microscopy have provided a new and important approach for diagnosing and grading melanoma by visualizing molecular details of melanin in pigmented skin lesions. This is exceptionally important because of the challenges in detecting aggressive cancers at an early stage. 1, 2 The problem is that the standard diagnostic protocol (excision, staining, pathological evaluation) does not identify the most dangerous early lesions. Stage I melanomas make up 78% of all newly diagnosed cutaneous melanomas reported in the U.S. National Cancer Institute SEER database, and of these, 81% are thin lesions (Breslow thickness of ≤1.0 mm). 3 For these thin lesions, the standard of care is usually a therapeutic 1-cm margin excision and watchful waiting. But in a study of 1158 patients with thin-lesion melanoma (mean follow-up of 11 years), 5.9% of patients presented with metastatic disease, and 9.4% of patients with no initial evidence of metastases developed recurrences. 4 In fact, whereas only 3% of patients with thin stage I melanomas die of their disease within 10 years, the 1072 such deaths in the SEER-13 registry from 1992 to 2013 represent greater absolute mortality than any other tumor depth of invasive melanoma. 2 So this presents a critical challenge: how do you fix a bad diagnostic gold standard for a bad disease?
Recent work has shown that the femtosecond pump-probe signal of melanin is heterogeneous in skin, [5] [6] [7] [8] conjunctival, 9, 10 and vulvar 11 tissues, and that this heterogeneity correlates directly with clinical concern. For example, with 720-nm pump and 817-nm probe, the average pump-probe signature changes from negative-dominant, short-lived signals in normal moles to positive-dominant, long-lived signals in metastatic cancer. 5 More recently, a variety of chemical and structural metrics derived from the images were shown to distinguish between primary lesions that went on to cause metastatic cancer and those that did not. 12 So the clinical and diagnostic potential is clear but the molecular basis behind the changes is less obvious. In Ref. 5 , the difference between the two signals was noted to agree with differences between eumelanin and pheomelanin, a known difference in bulk composition among benign moles, dysplastic nevi, and melanomas. 13, 14 However, imaging of fossilized cuttlefish, where only eumelanin could survive, gave both positive and negative signals. 15 This inspired additional work 7 which showed that many different effects, such as aggregation and iron content, could generate similar changes with eumelanin alone. This did not affect the clinical relevance of the surprising results in Ref. 5 but opened further questions about the molecular basis.
Here we present a comprehensive study starting from model eumelanins, including degradation and cellular uptake, plus comparisons with human tissue. This work provides strong evidence that changes in eumelanin composition, predominantly cellular dissociation of the eumelanin assembly structure, are the fundamental mechanisms behind the observed changes of pigmentation in metastatic melanoma.
Eumelanin, the predominant type of the pigment melanin in nature, plays a dual role in the human epidermal system, both as a well-known protective agent against UV light and free radicals and as a photosensitizer to produce reactive oxygen species (ROS). [16] [17] [18] [19] Recent studies have suggested that these conflicting behaviors are related to the unique self-assembled structure of eumelanin. Eumelanin exhibits a characteristic particle nature, where covalently bonded oligomers are stacked and aggregated sequentially to form particles in a scale ranging from tens to hundreds of nanometers. 20 Intact eumelanin particles serve as a protective agent, but eumelanin that has undergone structural dissociation seems to exhibit deleterious behaviors. 21 Dissociation of the self-assembled structure leads to a significant decrease in UV dissipation efficiency. 22 In addition, small fragments generated by oxidative degradation even show higher photochemical reactivity to generate ROS than do intact particles. 22, 23 Interestingly, transmission electron microscopy (TEM) has shown that dissociation of the particle structure is more common in melanoma than in benign nevi and normal skin 24, 25 but no correlations with metastatic potential have been reported.
The physical properties of eumelanin are also related to the molecular structure of its fundamental monomers. Eumelanin is composed of two major monomeric precursors: 5, 6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA). DHI-derived eumelanin oligomers are planar and tend to stack well at the early stage of assembly, whereas stacking between DHICA-derived oligomers is restricted due to their twisted form. 26 Thus, DHI-eumelanin can be considered as an aggregate of "thick oligomer stacks," whereas eumelanin from DHICA-oligomers is an aggregate of "thin oligomer stacks." DHI-and DHICA-derived eumelanin exhibit different optical, magnetic and redox properties, [26] [27] [28] reflecting potentially different biological implications. Quantitative measures of DHI and DHICA content in human melanin are complicated by the needed extraction; however, chemical analysis studies suggest a higher level of DHICA-derived eumelanin in human melanoma than in normal melanocytes in skin and hair. [29] [30] [31] In addition, dopachrome tautomerase (DCT), a specific enzyme which catalyzes eumelanin biosynthesis to yield DHICA-derived eumelanin, is highly expressed in treatment-resistant, cultured melanoma cells. 32 This study focuses on determining the relative importance of these bulk chemical changes (eumelanin/pheomelanin ratio, DHI/DHICA ratio, fragmentation) as diagnostic markers for aggressive cancer. We find that the chemical changes of eumelanin observed by near-infrared (near-IR) pump-probe microscopy in pigmented skin lesions are unrelated to pheomelanin content but are related to alterations of the eumelanin selfassembled structure. We image pump-probe differences due to the assembly mode [aggregates of thick (DHI-eumelanin) oligomer stacks and of thin (DHICA-eumelanin) oligomer stacks], and differences due to the degradation from intact particle to deaggregated small fragments. We show that it is fragmentation that distinguishes aggressive (metastatic) cancers from those that are not. By connecting the pump-probe signal of eumelanin to its structure and functions in the melanoma progression, we propose that pump-probe microscopy can not only be a useful diagnostic imaging tool for melanoma but can also be a potent modality to study structure-function relationship of eumelanin in the human pigmentary system.
Materials and Methods

Preparation of Eumelanin Models
Squid eumelanin particles were extracted from the ink sacs of Todarodes pacificus. After extraction, squid eumelanin particles were purified with sequential centrifugation (20,000 rpm, 10 min) and redispersed in water about 10 times. The morphological shape of squid eumelanin particles was characterized by TEM. Eumelanin from Sepia officinalis was provided by Sigma Aldrich.
pH-Controlled Disassembly Process
Eumelanin particle models were disassembled by exposure to deoxygenated alkaline solution, as described previously. 22 The eumelanin (1 mg∕mL) suspension and NaOH solution (1N) were purged with N 2 for 20 min to eliminate dissolved oxygen. During purging with N 2 , 3.5 mL of NaOH solution was added to the eumelanin suspension (8 mL). After 5 h, 5 mL of deoxygenated KH 2 PO 4 solution (1M) was added to the eumelanin suspension for neutralization. The resulting solution was dialyzed using a dialysis kit (Thermo Scientific, Slide-A-Lyzer Dialysis, with molecular weight cutoff of 2000) for 1 day. After dialysis, the subunit fraction entrapped inside the membrane was centrifuged to eliminate residual particles (19,000 rpm, 10 min). After removal of residual particles, subunits were characterized by AFM, photoluminescence spectroscopy, and pump-probe spectroscopy. The subunit fraction [molecular weight (MW) <2000] that passed though the dialysis membrane was collected and concentrated by evaporating the water. The subunit fraction was further dialyzed (Float-A-Lyzer G2 Dialysis Device, with molecular weight cutoff capability of 100 to 500 Da) for elimination of dissolved salts. For AFM analysis, subunits were deposited onto a mica substrate. For deposition of the deaggregated subunits, highly diluted subunit solution was dropped onto the spinning mica substrate (4000 rpm). The height distribution of subunits was then analyzed by AFM (Digital Instruments Dimension 3100 AFM).
Preparation of PDCA and PTCA
Oxidative decomposition of eumelanin in alkaline hydrogen peroxide breaks the two eumelanin monomers (DHI and DHICA) into pyrrole-2,3-dicarboxylic acid (PDCA) and pyrrole-2,3,5-tricarboxylic acid (PTCA), respectively. For the synthesis of PTCA, 100 mg of 5-hydroxyindole-2-carboxylic acid was dissolved in 100 mL of 1 M K 2 CO 3 and then oxidized with 4 mL of 30% H 2 O 2 by heating under reflux for 20 min. After cooling, 5 mL of 10% Na 2 SO 3 was added and the mixture was acidified with 40 mL of 6 M HCl. The acidified solution was extracted twice with 200 mL of ether. The ether extract was washed with 50 mL of water, dried over anhydrous Na 2 SO 4 , and concentrated to dryness in vacuo. Pale-brown PTCA crystals formed on the walls of the flask and were collected for high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis. PDCA was synthesized using 5-hydroxyindole in the same manner as previously described for PTCA.
Peroxide Oxidation of Melanin Models
Chemical oxidation of melanin was performed, as described in a previous study, 33 with slight modifications. About 860 μL of 1 M K 2 CO 3 and 40 μL of 3% H 2 O 2 were added to 100 μL of melanin suspension (1 mg∕mL), and the suspension was heated in a boiling water bath for 20 min. After cooling, the residual H 2 O 2 was decomposed by adding 20 mL of 10% Na 2 SO 3 . The mixture was acidified with 500 μL of 6 M HCl. The resulting solution was extracted twice with 7 mL of peroxide-free ether. The ether extract was evaporated to dryness and the residue was dissolved in 200 μL of water. The resulting solution was centrifuged with a centrifugal filter equipped with a semipermeable Journal of Biomedical Optics 051414-2 May 2019 • Vol. 24 (5) membrane (Amicon Ultra centrifugal filter MWCO 3 kDa) and the fraction that passed through the filter was injected into the chromatograph. whereas antibiotic-antimycotic (Gibco-Thermo 15240-062) was added to the B16 medium. The cell cultures were incubated at 37°C in 5% CO 2 with humidification, and split when 75% confluent into 6-well plates for treatment. Squid eumelanin particles were added to the cell culture dish at a concentration of 200 μg∕mL. After the cells were incubated for 14 h, the dishes were rinsed several times with phosphatebuffered saline (PBS) for removal of the residual particles. After rinsing, the cells were fixed by adding fixative (PBS buffer solution containing 4% formaldehyde and 2% glutaraldehyde). After 2 h, cells were rinsed several times with PBS solution.
Cell
Preparation of Thin Sliced Cells for TEM
Fixed cells were stained with OsO 4 by exposure to 1% OsO 4 solution for 1 h. After washing the cells with acetate buffer solution, the cells were further stained with uranyl acetate by exposure to 0.5% uranyl acetate solution for 1 h. By exposure to sequential concentration of ethanol (30%, 50%, 70%, 90%, and 100%) for 10 min, respectively, the cells were dehydrated. The dehydrated cells were exposed to the epoxy resin for 1 day. After replacement with fresh resin, they were placed in an oven and baked (55°C to 60°C) for 2 days. Cells embedded in solidified resin were microtomed and the thinly sliced cells were placed on carbon-coated TEM grids.
Pump-Probe Experiment
Pump-probe signals and images were obtained in a similar manner as previous reports 12 with some modifications. In general, a titanium-sapphire laser was tuned between 770 and 830 nm (80 MHz, Chameleon, Coherent, Inc.) and pumped an optical parametric oscillator (Mira-OPO, Coherent, Inc.) typically tuned between 720 and 730 nm. The pulse cross-correlation, measured by two-photon absorption in Rhodamine-6G, was ∼210-fs FWHM. The pump beam was intensity-modulated at 2 MHz with an acousto-optic modulator; the probe beam was unmodulated. Through a mechanical delay stage, the interpulse delay was controlled and the two beams were combined on a dichroic mirror. The two beams were sent to a home-built scanning microscope fitted with an objective (40×, 0.75 NA, Olympus). The power in each beam was adjusted to 0.6 mW impinging on the sample. Multiple repeated pump-probe measurements up to (and including) this power level did not result in appreciable signal changes, thus indicating that the samples were stable at this level of illumination. After transmission through the sample, the beams were collected with a 1.1 NA condenser (Olympus). The pump beam was selectively rejected by a stack of optical filters, and the probe was detected by an amplified photodiode.
Squid eumelanin and subunits samples were homogeneously deposited in agarose gel with a thickness of about 100 μm on a glass substrate. For cell imaging, the pump and probe wavelengths were tuned to 720 and 817 nm, respectively. A dipping objective (40×, 0.75 NA, Olympus) was used for pump-probe imaging of squid eumelanin that were internalized in the cell. Scan speed was 25 ms∕line with 512 pixels per line across a 175-μm field of view. Custom MATLAB software was used to process the data files.
Phasor Analysis
Phasor analysis is a simple and powerful tool to differentiate heterogeneous chromophores in pump-probe microscopy. 12 For phasor analysis, a single-frequency sine-(in-phase) and cosine-(out-of-phase) Fourier transform is calculated for a chosen frequency. Because the pump-probe interpulse delays for the datasets are not equidistant, a slightly modified phasor calculation is performed. Instead of a conventional Fourier integration, the integration here is weighted with the inverse of the delay spacing in order to avoid a disproportionately large influence of noise in areas of sparse delay sampling (mostly for very long delays). Phasor coordinates (i.e., the in-phase versus the out-of-phase component) are calculated for each pixel in the image stack and a histogram is constructed. As the pixels in an intensity image can also be color-coded by the phasor coordinates, different components in a pump-probe data stack can be visualized spatially with colorimetric molecular contrast.
Biopsy Samples
As a control eumelanin pigment, a black nevi slide sample from a 30-year-old male and black hair from a 35-year-old male were imaged. Biopsy slides from patients with invasive melanoma were imaged. The biopsy samples were obtained from excised and fixed lesions mounted in paraffin. The patients from whom the biopsy slide samples were taken had undergone sentinel lymph node biopsy (SLNB). All protocols were approved by the Institutional Review Board of Duke University.
High-Performance Liquid Chromatography-Mass Spectrometry
The oxidation products were analyzed by HPLC using an Ultimate 3000 RS system (Thermo Fischer Scientific Inc.) and U-VDSpher PUR C18-E column (1.8 μm, 50 × 2.0 mm, VDS optilab). The mobile phase was 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). At 1.0 mL∕ min, the elution gradient was (min, %B): 0, 0; 1, 0; 12, 25; 14, 25; 16, 0. The UV detector was set at 255 nm absorbance. The standards for peak identification were PTCA and PDCA.
3 Results
Characterization of Eumelanin Structure
We have used two types of natural eumelanin models: cuttlefish (Sepia officinalis, hereafter called sepia) and squid (Todarodes Journal of Biomedical Optics 051414-3 May 2019 • Vol. 24 (5) pacificus, hereafter called squid). Sepia eumelanin has long been the eumelanin standard because of its high purity and well-characterized self-assembled structure, 20,34 but structural information of squid eumelanin has been sparse. In fact, sepia eumelanin consists of large aggregates of small particles [ Fig. 1 (b)], with single particle sizes in the aggregate of ∼100-150 nm (Fig. S1 , in the Supplementary Materials). Sepia eumelanin is readily available from commercial suppliers, but our experience with pump-probe imaging is that although color variations between samples are minor, pump-probe dynamics can be quite variable. On the other hand, pigments extracted from the ink sac of squids are dark brown and consist of single spherical particles with a size range from 50 to 300 nm [ Fig. 1(b) ]. Elemental analysis (Fig. S2 , in the Supplementary Materials) has shown that the pigment from squid ink is indeed eumelanin, as it does not contain any detectable sulfur content (which would indicate the presence of pheomelanin). The eumelanin structure is formed by aggregating the oligomer stacks driven by secondary interactions, such as hydrogen bonding. 35 High pH conditions disrupt the hydrogen bonding between oligomer stacks and lead to deaggregation [ Fig. 1(a) ]. Squid eumelanin was previously shown to be disassembled without chemical decomposition under deoxygenated alkaline conditions. 22 The average thickness of the squid subunits is shown to be ∼1 nm, consistent with the dimension of eumelanin oligomer stacks that were previously determined by scanning tunneling microscopy and small-angle x-ray scattering. 35, 36 However, Fig. 1(b) shows significant differences between sepia and squid eumelanin. As shown in Fig. 1(c) , we also find that the subunits resulting from deaggregation of squid eumelanin are thinner than 3 nm, with an average thickness of 1.2 nm, and that the subunits obtained by deaggregation of sepia eumelanin are thinner; the thickness distribution of the resulting subunits is in a range of <1 nm.
The difference in thickness arises from the difference in the monomeric ratio between DHI and DHICA, 33 and is characterized in synthetic ( Fig. S3 , in the Supplementary Materials) and natural models. Oxidative decomposition of eumelanin in alkaline hydrogen peroxide breaks the two eumelanin monomers (DHI and DHICA) into characteristic chemical markers, PDCA, and PTCA, respectively. Sepia eumelanin yields about 50-fold more PTCA than PDCA, 37 but HPLC analysis mediated by mass spectroscopy shows that the PTCA/PDCA ratio of squid eumelanin is significantly lower than that of sepia eumelanin [ Fig. 1(d) ], Figs. S4-S6, in the Supplementary Materials). This has structural consequences. The increased proportion of DHI would make the stacking between oligomers in squid melanin more favorable than in sepia eumelanin during the assembly process. Because oxidative oligomerization of DHI leads to planar oligomers, they tend to stack at the early stage of the multistep assembly process. Thus, DHI-derived eumelanin particles are formed by aggregates of highly stacked oligomers. In contrast, stacking between DHICA-derived oligomers will be restricted because their molecular structure is not planar but twisted. Therefore, DHICA-derived eumelanin particles can be regarded as the aggregates of thin oligomer stacks. Natural melanin often contains many constituents, such as chelated metals. To verify whether the effects observed are due to the biopolymer, we also characterized subunits generated by disassembling the synthetic dopamine-derived eumelanin particles (dopamine-melanin), which forms DHI-rich structure, 33 and the DOPA(3-4 dihydroxyphenylalanine)-derived eumelanin particles (DOPA-melanin), which forms DHICA-rich structure. These are compared in Fig. S3 , in the Supplementary Materials. The dopamine-derived subunits are also much thicker than those from DOPA, thus indicating that the chemical structure of eumelanin monomeric units is key for determining the aggregation mode.
Aggregation Effect on the Pump-Probe Signal of Eumelanin Models
Figure 2(a) shows the pump-probe signals for sepia and squid eumelanin obtained with 720 nm pump and variable probe (770 to 830 nm) as a function of interpulse delay time. Pumpprobe signals of sepia and squid eumelanin are clearly different; sepia eumelanin particles exhibit positive-dominant signals, whereas the pump-probe signals of squid eumelanin particles are negative-dominant. HCl treatment did not eliminate these differences, which indicates that the different signal does not originate from possible metal-melanin complexes existing on the surface of natural eumelanin but arises from their intrinsic electronic features (Fig. S7 , in the Supplementary Materials) .
In contrast, subunits generated by deaggregation of squid and sepia eumelanin particles show similar positive-dominant pumpprobe signals. Thus, the pump-probe signals of squid eumelanin subunits change from positive-to negative-dominant with aggregation, whereas the pump-probe signals of sepia eumelanin subunits are not sensitive to aggregation. The negative pump-probe signal of squid eumelanin (negative sign means that the probe laser is transmitted more strongly when the pump is on) can have multiple contributions, such as ground-state bleaching (GSB), stimulated Raman scattering (SRS), and stimulated emission (SE). Power studies show that the time-delayed positive signal can be assigned to excited-state absorption (ESA) that is linear in pump and in probe (Fig. S8 , in the Supplementary Materials). So while some portions of the instantaneous negative signal could arise from the SRS for these differences between pump and probe wavelength, the Raman signal reflects bond-localized structure 38 and cannot explain the enormous difference that we observe in these large aggregates. In addition, SRS signals are confined to delays where pump and probe pulses still overlap, whereas the clearest difference between squid eumelanin particles and deaggregated subunits is observed in the time-delayed signal [ Fig. 2(b) ]. SE could contribute to the time-delayed negative signal of the squid eumelanin; melanin that was electronically excited by a pump pulse can be stimulated down to the ground state by a timedelayed probe pulse that matches the transition energy of spontaneous emission. However, squid eumelanin particles do not exhibit any appreciable spontaneous emission, whereas deaggregated subunits have shown clear spontaneous emission at a broad range of UV and visible wavelengths. 22 Based on the observed spontaneous emission, the possible SE signal of eumelanin particles should be lower than in the deaggregated subunits; however, this is not seen in the experiments. In addition, isolated subunits did not show any spontaneous emission that matches the probe energy, when excited by wavelengths longer than 700 nm (Fig. S9 , in the Supplementary Materials). Therefore, it is reasonable to expect that simulated emission does not significantly contribute to the aggregation-dependent pump-probe signal of squid eumelanin.
Hence, we conclude that the time-delayed negative signal of squid eumelanin is mainly attributed to GSB. Power studies for squid eumelanin have shown that GSB signal is also linear in pump and in probe. (Figs. S10 and S11, in the Supplementary Materials). GSB signal is observed when both pump and probe are in resonance with the chromophore band. Eumelanin exhibits unique monotonic broadband absorption that is explained by the combination of various chromophore bands with different HOMO-LUMO gaps. If chromophore bands in the near-IR region are broad enough to be in resonance with both pump and probe, eumelanin will give rise to the GSB signal. The aggregation-dependent signal change from ESA-to GSB-dominant signal can be explained by the generation of a broad chargetransfer band arising from quinhydrone formation. Melanin pigment contains many quinone and quinol groups; these units will be present within the eumelanin self-assembled structure as quinhydrone or other quinone-quinol complexes. 39, 40 These complexes 41 generate broad charge-transfer absorption bands, leading to enhanced GSB. Highly stacked oligomers should have a geometric preference that allows their lateral faces to be linked together more efficiently, thereby generating intense charge-transfer bands, which would weaken with decreased stacking. Hence, we attribute ESA-dominant signals (not sensitive to deaggregation) in sepia eumelanin to low geometric packing preference, whereas we attribute GSB-dominant signals (changing to ESA upon deaggregation) in squid eumelanin to the relatively high extent of stacking in the assembled subunits [ Fig. 2(c) ]. A confirmation of this interpretation is provided by synthetic melanins; pump-probe signals of dopamine-melanin are highly sensitive to deaggregation, but those of DOPA-melanin are not sensitive to deaggregation (Fig. S12, in the Supplementary Materials) .
The positive-dominant signals in Fig. 2 for sepia eumelanin subunits seem to contradict a previous study 7 that observed a long-lived negative (GSB-dominant) signal in the size-selected fraction of sepia eumelanin smaller than 3 kDa. We attribute this difference to the method of preparation. In Ref. 7 , the size-selected fraction of small sepia eumelanin particles was obtained by filtration after centrifugation. The small oligomeric species thus were likely physically absorbed on the surface of larger particles, and could easily be affected by even small amounts of residual iron. 7 Even though treatment with a chelator Journal of Biomedical Optics 051414-5 May 2019 • Vol. 24 (5) such as EDTA can remove much of the iron content in sepia eumelanin, about 10% of pre-existing Fe ions remain, 42 resulting in a negative pump-probe signal. In contrast, subunits resulting from pH-controlled dissociation of self-assembly structure in this study would not be sensitive to pre-existing Fe ions because a much greater portion of iron-free subunits is generated from inside of particles.
Connection of the Signal of Eumelanin to Self-Assembly Structure
Pump-probe microscopy has provided molecular information about the pigment distribution in melanoma, which is highly related to its metastatic potential. 5, 12 In these studies, the most pronounced feature of pigmented skin lesions was that the ratio between GSB-and ESA-dominant signals is correlated with metastatic potential of melanoma. As shown in Fig. 3 , eumelanin in black hair and benign black nevi exhibits GSB-dominant signals (green color), whereas ESA-dominant signals (red color) increase with high metastatic potential (as classified by positive SLNB results). Based on these results, we examine two possible explanations. In melanomas, DCT is highly expressed in most primary tumors and cell lines. 32 In terms of molecular basis of eumelanin, DCT results in a DHICA-dominant eumelanin structure. Chemical analysis studies also show a high level of DHICA- between the aggregation-dependent chromophore band of eumelanin and the resulting pump-probe signal. Sepia eumelanin particles, with thin oligomer stacks, do not lead to the efficient edge-to-edge interaction because of low geometric packing preference between oligomer stacks in large-scale aggregation system. Thus, eumelanin particles formed by aggregation of thin oligomer stacks show very similar chromophore bands with their subunits. Because chromophore bandwidth for sepia eumelanin is not broad enough to be in resonance with both pump and probe, GSB is negligible and the whole signal is dominated by ESA. In contrast, squid eumelanin is formed by aggregating the thick oligomer stacks. Because of the high geometric packing preference when aggregated, efficient generation of charge-transfer complexes at the edge of oligomer stacks is possible. Aggregation will result in broad charge-transfer bands that can be resonant with both pump and probe, and thus will lead to intense GSB signal. Because broad charge-transfer bands disappear with deaggregation, GSB signals observed in squid eumelanin particles also diminish with deaggregation, resulting in ESA-dominant signals.
Journal of Biomedical Optics 051414-6 May 2019 • Vol. 24 (5) derived eumelanin in melanoma. 29, 30 Therefore, it can be expected that the increased production of DHICA-derived eumelanin mediated by DCT contributes to ESA-dominant signals of melanoma.
A second factor relating to the pump-probe signals in melanoma is the dissociation of DHI-derived eumelanin. Dissociation is a pronounced feature found in pigmented skin lesions, and its rate is related to metastatic potential. 24, 25, 43 Because small fragments generated by deaggregation of DHIderived eumelanin exhibit ESA-dominant signals, dissociation of the eumelanin particle structure could contribute to an increase in the time-delayed positive signal, as validated by the cellular uptake experiment in Fig. 4 . Disintegration of melanosomes has been repeatedly observed in membrane-enclosed lysosomal compartments (such as autophagosomes and heterophagosomes) in cells, including macrophages and melanoma cells. [44] [45] [46] [47] Three types of cells-melanoma cells (B16), breast cancer (4T1), and macrophage (RAW 264.7) cells-were incubated with squid eumelanin particles for 14 h. As shown in Fig. 4 , the two melanin-free cell lines show heterogeneous melanin signals after cellular uptake, reflecting the expected structural dissociation in lysosomal compartments. B16 melanoma, of course, also has a melanin background (Fig. S13 , in the Supplementary Materials) but the signals are clearly different from the intense heterogeneous signals after cellular uptake of squid eumelanin.
Clear evidence for structural disintegration was observed by TEM. As shown in TEM images of thin slides after cellular uptake [ Fig. 4(g) ], it appeared that the particles internalized in cells were localized in vesicles (most likely lysosomes in 4T1 cells and phagolysosomes in RAW 264.7 cells) and exhibited clear structural alterations. Many of the internalized squid eumelanin particles exhibited heterogeneous density and amorphous shape at the edges. The particles were co-localized with other amorphous components. These findings clearly indicated that squid eumelanin underwent structural disintegration in the vesicles, resulting in the predominant ESA signals in the lysosomal compartment.
Histological studies have repeatedly described that structural alteration of melanin pigment is observed in phagosomes. 48, 49 Melanin is hardly dissociated by the hydrolytic mechanism of lysosomal enzymes, 50 but melanin structure is sensitive to oxidative stress, for example, due to the presence of hydrogen peroxide. [51] [52] [53] This suggests that melanin is oxidatively degraded by phagosomal enzyme activity. 54 Hydrogen peroxide is a strong candidate for causing the oxidative degradation because it is not only produced by phagosomal enzyme activity but also generated during melanin synthesis as a by-product. 55 In this regard, we compared susceptibility to oxidative degradation between two eumelanin models by exposing them to hydrogen peroxide solution. Figure S14 in the Supplementary Materials section shows the time-course TEM images of sepia and squid eumelanin after exposure to hydrogen peroxide (28%) under dark conditions. Squid eumelanin exhibits only slight morphological modifications on the particle surface even after exposure for 16 h. Even though a small portion of particles shows amorphous feature, most retain their spherical character. In contrast, the morphology of sepia eumelanin appears to be significantly changed after exposure to hydrogen peroxide for 16 h. We would thus argue that the increase in DHICA content in melanomas also increases susceptibility to degradation. This is verified again with synthetic models, using dopamine-or racemic DOPA-derived melanin particles (Fig. S14 , in the Supplementary Materials); synthetic eumelanin particles derived from oxidation of dopamine or racemic DOPA show squid or sepia eumelaninlike structural features, respectively. It has been proposed that bleaching of eumelanin by hydrogen peroxide is caused by a two-step process: reversible oxidation of hydroquinone moiety leading to quinone units and irreversible ring opening of the quinone group by nucleophilic attack of OOH-ions. 51 In this picture, one-or two-electron oxidation processes for hydroquinone Fig. 3 Comparison of 720-nm pump/817-nm probe wavelength images between normal eumelanin (black hair and black nevi) and pigment distributed in melanoma (SLNB-positive and -negative). The false-colored images of black hair, black nevi, and melanoma (SLNB-positive and -negative) are derived from the phasor analysis shown in the bottom row. The color bar within the phasor plot denotes the color scheme used for the false-colored images. These single images are representative; much larger published datasets give the same general result, i.e., a shift from negative-dominant to positive-dominant with greater clinical concern. 5,12
Journal of Biomedical Optics 051414-7 May 2019 • Vol. 24 (5) group are important for the generation of quinone groups. Considering the self-assembly structure of eumelanin, quinhydrone complex formation would decrease the reaction rate for reversible oxidation of the hydroquinone group in the eumelanin-bleaching process. Therefore, the high structural robustness against oxidative degradation of DHI-derived eumelanin may originate from their numerous quinhydrones, as well as the compact pi-stacking and aggregation structure leading to restricted accessibility of OOH-ions. The tremendous strength of pump-probe microscopy is the large number of adjustable parameters that can be used to enhance the contrast. Figures 5 and 6 present data with a completely different set of wavelengths (770-nm pump, 730-nm probe) where the decay curves are drastically altered; the signals are always negative (meaning more probe light gets transmitted when the pump is on), but the lifetime is sensitive to dissociation of the eumelanin self-assembly structures. For this wavelength combination, bulk sepia and squid eumelanin particles are nearly indistinguishable, yet it retains the ability to distinguish between benign, non-metastatic, and metastatic cancers (Fig. 5 ). This implies that the molecular-level diagnostic driver in these images (and at least the dominant component in Fig. 3 ) is the dissociation of the self-assembly structure.
As noted earlier, with the 720/817 nm combination (or close wavelengths), there is also a signal sign difference between eumelanin and pheomelanin, which was originally assumed to be the source of the image difference. 5 Figure 6 proves that this is not the clinically relevant interpretation, because pheomelanin and eumelanin give very different lifetimes with the 770/ 730 nm wavelength combination, and that tissue can be assigned unambiguously to having the observed pump-probe signal from eumelanin alone. Figure 7 represents the proposed relationship between eumelanin self-assembly structure, function, and pump-probe signal in pigmented skin lesions based on the discovery made in this study. Melanoma cells have low catalase activity and glutathione levels, 56 indicating that they have a weak defense system against oxidative stress. Therefore, the imbalance of redox homeostasis, caused by a decrease in the antioxidant system and an increase in ROS level by phagosomal enzyme activity, would expose eumelanin pigment to high levels of oxidative stress. In this stage, DHI-dominant eumelanin, with high structural robustness against oxidative stress, would not easily deaggregate into fragments. This aspect changes with an increase in the DCT level. High expression levels of DCT in melanoma increase the level of DHICA-derived eumelanin, which is highly susceptible to oxidative dissociation, and therefore hastens the disintegration of melanin into small fragments. Extremely high levels of ROS can induce cell apoptosis; with very low level of ROS, proliferation will not be efficient. Therefore, a sustainable and adequate level of ROS is a key to efficient progression of most cancer cells 57 and could be maintained by the high photochemical reactivity of the resulting small eumelanin fragments.
Biological Implications of DHICA-Derived Eumelanin
Considering that ROS can serve as the key signaling molecules for melanoma proliferation and metastasis, 57 high levels of DCT may be involved in the regulation of eumelanin function during malignant transformation of melanoma.
Discussion
Assignment of a physical basis to the observed signal, and thus a correlation between the biochemistry and the pump-probe image structure, is valuable for understanding how to optimize sensitivity to address important clinical questions, such as the metastatic potential of excised tumors. The one-sentence, oversimplified version of our results is that dissociation of the eumelanin assembly structure, induced by metabolic activity of cancers, is the dominant molecular mechanism behind the clinically important feature, chemical heterogeneity of the pump-probe signals in metastatic melanoma. These changes are essentially invisible in conventional absorption microscopy, but clearly seen in the pump-probe images. This connection among cellular chemistry, clinical outcome, and straightforward imaging methods implies that pump-probe microscopy has great potential to improve patient outcomes. For example, the recent development of monoclonal antibodies ("checkpoint inhibitors") 58 that block inhibitory pathways in the human immune system offers the potential for effective use of adjuvant therapies on potentially aggressive tumors, if they can be identified in early stages. Eumelanin has long been among the most mysterious biomolecules in terms of its structure-property-function relationship because of its high structural complexity and conflicting behaviors. Therefore, our approach to give molecular contrast in eumelanin by visualization with pump-probe microscopy provides a potential platform for studying the physiological significance of eumelanin self-assembly structure in various biological systems. Structural dissociation of melanin pigment is relevant Fig. 5 The 770-nm pump/730-nm probe signals of eumelanin and correlation with melanoma. (a) Images of squid eumelanin particles with different assembly state. The small subunit fraction (MW < 2 KDa) resulting from disassembly of squid eumelanin particles can be differentiated by phasor analysis. At this wavelength, all signals are negative, so all phasors have −1 < g < 0 and only the left side is plotted. Note that the small subunit fraction is hardly observed in 720-nm pump/817-nm probe experiments but is clearly observed here. (b) Pump-probe images in benign nevi and melanoma. The false-colored images derived from phasor analysis showed that chemical heterogeneity and the amount of long-lived positive signal increases with development and metastasis of melanoma, reflecting that dissociation of eumelanin increases with elevated risk of metastasis. Images in the upper row are H&E-stained slices. (c) Pumpprobe delay curves for squid and sepia eumelanin particles and their disassembled subunits, showing that the difference between DHI and DHICA does not contribute to the observed signals at this wavelength. (d) Boxplots showing the content of the highly dissociated fragments (the red component) for benign nevi (n ¼ 3, 9 images total), primary melanomas (n ¼ 11, 59 images total), and metastatic melanomas (n ¼ 5, 29 images total). There is a highly significant difference in the content of the long-lived component among these three disease states (type II 2-factor ANOVA for classification versus case ID, p < 2 Ã 10 −14 ).
Journal of Biomedical Optics 051414-9 May 2019 • Vol. 24 (5) to other pigment-related diseases, such as Parkinson's disease and age-related macular degeneration. In combination with conventional chemical analysis methods, pump-probe microscopy probing molecular details of eumelanin pigment can be widely applied in studies relating to the deleterious role of pigment in the process of age-related diseases.
Methods
Emission Spectra of Deaggregated Subunits
Emission spectra of the deaggregated subunits were recorded by a spectrofluorometer (Fluorolog-3, HORIBA) . For the emission spectra, deaggregated subunits solution was highly diluted and excited by variable wavelength (400 to 750 nm).
Preparation of Synthetic Melanin Models
Dopamine-melanin particles were prepared through spontaneous oxidation of dopamine, as described in a previous report. 59 About 180 mg of dopamine hydrochloride was dissolved in 90 mL deionized water. A NaOH solution (780 μL, 1 N) was added to the solution of dopamine hydrochloride under vigorous stirring at room temperature. After 5 h, dopamine-melanin particles were retrieved via centrifugation (19,000 rpm for 10 min) and purified with sequential centrifugation (19,000 rpm for 10 min) and redispersion in deionized water for three times. Morphological shape of prepared dopamine-melanin was characterized by TEM. DOPA-melanin was prepared, as described in a previous report, with slight modification. 60 About 70 mg of L-DOPA was dissolved in deionized water (50 mL) by heating. KMnO 4 solution (280 μL, 1 N) was added to the solution of L-DOPA under vigorous stirring at room temperature. After 8 h, DOPA-melanin were retrieved via centrifugation (20,000 rpm for 10 min) and dispersed in deionized water. DOPA-melanin was purified with sequential centrifugation (20,000 rpm for 10 min) and redispersion in deionized water for three times. To remove the Mn 2þ ions present in DOPA-melanin, DOPA-melanin suspension was incubated in HCl solution (4 N) for 24 h. After HCl treatment, DOPA-melanin particles were retrieved by centrifugation and re-dispersed in deionized water. DOPA-melanin were purified with sequential centrifugation (20,000 rpm for 10 min) and re-dispersion in deionized water for three times. The pHcontrolled disassembly process, which was described in the case of natural eumelanin models, was applied to induce the disassembly of synthetic melanin models.
Surface Modification of Squid Eumelanin Particles
Before the cellular uptake experiment, squid eumelanin particles were treated with polyvinylpyrrolidone (PVP) for enhancement of dispersion stability in cell culture medium. About 5 mg of PVP (Sigma Aldrich, 360 K) was added to 10 mL of squid eumelanin (1 mg∕mL, water). After vigorous shaking, they were purified by consecutive centrifugation (20,000 rpm, 10 min) and redispersed in water for four times. After the treatment with PVP, squid eumelanin particles did not show appreciable morphological change (Fig. S15 , in the Supplementary Materials).
Statistical Analysis of Pump-Probe Images
To quantify the chemical composition of each image, we took the ratios of the sum of the intensities in both channels (red and green), and plotted these ratios in boxplots [ Fig. 3(c) ]. To test for statistical significance, we ran a two-factor type II ANOVA test, where the two factors were (1) the sample number (whether the images come from the same sample), and (2) the class [whether the samples are black nevi, primary melanoma (SLNB-negative), or metastatic melanoma (SLNB-positive)]. The first factor was necessary to account for the difference in chemical content due to sample-to-sample variation, which was not of interest. The test returned a p-value of 1.2 × 10 −14 , thus decisively suggesting that there was a significant difference in chemical composition among the three classes.
Susceptibility of Eumelanin Models against Oxidative Degradation
About 500 μL of 30% H 2 O 2 solution was added to 200 μL of melanin suspension (1 mg∕mL) to induce oxidative degradation of melanin. Morphological changes of melanin particles were monitored by TEM after exposure to H 2 O 2 solution. To rule out Fig. 7 Proposed model for the chemical heterogeneity of eumelanin in the progression of melanoma and its relation to the pump-probe signal. Eumelanin formed by aggregation of thick oligomer stacks is primarily distributed in normal melanocytes. In this stage, the pump-probe signal of normal melanocyte is dominated by GSB. With the development of melanoma, the pigment experiences structural dissociation in lysosomal compartments such as autophagosomes and heterophagosomes. The structural alteration leads to small subunit fragments and makes the pump-probe signal heterogeneous, but this process is not effective because of its low susceptibility to oxidative degradation in the lysosomal compartments. On the other hand, population of eumelanin formed by aggregation of thin oligomer stacks (DHICAderived eumelanin) increases with high level of DCT in melanoma. Because eumelanin composed of thin oligomer stacks is very susceptible to oxidative degradation, a large portion of newly generated eumelanin in melanoma undergoes structural dissociation. Small eumelanin fragments are shown to have a high capability to generate ROS. Thus, the structural dissociation of eumelanin leads to an increase in ROS levels, serving as signaling molecules for the promotion of melanoma proliferation and metastasis. In this phase, ESA signal is highly increased because of the generation of eumelanin formed by aggregate of thin oligomer stacks and small fragments. In metastatic melanoma, the high level of autophagy and eumelanin sensitive to oxidative degradation allows most of the pigmentation to be dissociated into small subunit fragments. Thus, pump-probe signals of metastatic melanomas are dominated by ESA.
Journal of Biomedical Optics 051414-11 May 2019 • Vol. 24 (5) the light-mediated oxidation process, oxidation of melanin particles was induced in the dark. Before TEM analysis, melanin particles were centrifuged and re-dispersed in water twice to remove H 2 O 2 in the solution. Degradation kinetics of melanin particles was determined by measuring the absorption of small fragments that were released from parental melanin particles in H 2 O 2 solution as a function of time. Because small oxidation fragments released from melanin particles were stably solubilized in the solution even after high-speed centrifugation, oxidation kinetics of melanin particles in H 2 O 2 solution was monitored by measuring the absorption of supernatant after centrifugation (14,000 rpm, 15 min). To rule out Fenton-like reactions on the surface of eumelanin particles, all melanin models were incubated in 4 M HCl solution for 24 h. After the HCl treatment, melanin models underwent sequential centrifugation and re-dispersion in water for three times. 
